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Direct conversion from heat to electricity is one of the important technologies for a sustainable society since
large quantities of energy are wasted as heat. We report the development of a single-walled carbon nanotube
(SWNT)-based high conversion efficiency, air-stable and flexible thermoelectric material. We prepared
cobaltocene-encapsulated SWNTs (denoted CoCp2@SWNTs) and revealed that the material showed a
negative-type (n-type) semiconducting behaviour (Seebeck coefficient: 241.8 mV K21 at 320 K). The
CoCp2@SWNT film was found to show a high electrical conductivity (43,200 S m21 at 320 K) and large
power factor (75.4 mW m21 K22) and the performance was remarkably stable under atmospheric conditions
over a wide range of temperatures. The thermoelectric figure of merit (ZT) value of the CoCp2@SWNT film
(0.157 at 320 K) was highest among the reported n-type organic thermoelectric materials due to the large
power factor and low thermal conductivity (0.15 W m21 K21). These characteristics of the n-type CoCp2@
SWNTs allowed us to fabricate a p-n type thermoelectric device by combination with an empty SWNT-based
p-type film. The fabricated device exhibited a highly efficient power generation close to the calculated values
even without any air-protective coating due to the high stability of the SWNT-based materials under
atmospheric conditions.

T
hermoelectric conversion is one of the key technologies to realize a sustainable society since large quantities
of energy (roughly 15 terawatts per year)1 have been wasted as heat2. A number of semiconducting materials
including inorganic3,4 and organic materials5–7 function as thermoelectric materials that directly convert

heat into electricity via a carrier movement in the materials based on the Seebeck effect. Especially, inorganic
materials, such as Bi2Te3, Si/Ge and PbTe, have been intensively studied due to their high power factors that
originated from the large Seebeck coefficients ranging from 100–45,000 mV K213,4 and high carrier conductivity.
Recently, efficient harvesting of waste heat in a low temperature range (300–400 K) has attracted significant
attention due to ready availability of such heat sources in daily life. In particular, cost, flexibility and mechanical
toughness of energy harvesting materials are important8,9.

Polymeric materials5–9 including carbon nanotubes10–13 have attracted much attention as substitutes in this
temperature range due to their low cost, ease of fabrication, flexibility and light weight, despite their relatively low
Seebeck coefficients (typically on the order of 5–200 mV K21). Very recently, Maniwa et al. reported that a sorted
semiconducting single-walled carbon nanotube (SWNT) film shows a very large Seebeck coefficient (170 mV K21

at 300 K)14. Their report gave us a hint to design and develop an SWNT-based thermoelectric material with high
performance. While SWNTs and conducting polymers are promising p-type organic thermoelectric materials as
described above, the development of flexible n-type thermoelectric materials is still challenging even though at
present, their thermoelectric performances are still low (the highest thermoelectric figure of merit is 0.2 at
440 K)15 and they have low stability in air after doping16. Because n-type semiconducting organic materials
are inherently unstable in air due to their oxidation, the key issue in order to develop a highly efficient ther-
moelectric device using a polymer is to evaluate an n-type material with a high stability, leading to the fabrication
of a p-n connected thermoelectric device with a large power factor.
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In this study, we focused on the use of SWNTs as the polymeric
materials since we can tune the electric property to either p- or n-
type by chemical doping17. In addition, the flexibility of the film,
mechanical toughness, high thermal stability and extremely high
charge transport are quite attractive when considering the fabrica-
tion of environment-conscious devices. In order to tune the SWNTs
to the n-type, doping of an alkali metal18, viologen19, hydrazine20,
coenzyme21, 1H-benzoimidazole derivatives22, polyethyleneimine
(PEI)23,24 and phosphorus compounds8, as well as the doping of
nitrogen into the SWNT bond25, have been reported. In this study,
we chose cobaltocene (CoCp2) as the dopant for the encapsulation
due to its strong reducibility (Fig. 1a)26,27. Among the variety of
doping approach, we focused on encapsulation of the dopant mole-
cules inside the SWNTs26, which show a superior doping stability
due to the molecular shielding effect compared to the doping on the
outside the tubes17. Then, the SWNTs encapsulated with CoCp2

(CoCp2@SWNTs) were used to fabricate a p-n connected ther-
moelectric device without any air protective coating (Fig. 1b). This
is the first report using encapsulated SWNTs as an n-type ther-
moelectric material.

Results and Discussion
Encapsulation of cobaltocene in SWNTs. The CoCp2@SWNTs
were synthesized according to a method previously reported26, and
the high-resolution scanning transmission electron microscope
(STEM) measurements of the sample were carried out. As shown
in Figure S1, we observed aligned black dots that are attributed to the
Co atoms of CoCp2 that was encapsulated in the SWNTs. We
measured the XPS narrow scans of Co2p for the CoCp2@SWNTs as
well as the empty-SWNTs as a reference material. As shown in
Fig. 2a, we clearly observed peaks assignable to the Co2p in the
CoCp2@SWNTs (red line in Fig. 2a), while no such peak was
recognized in the empty SWNTs. These results indicated not only
the presence of CoCp2, but also the encapsulation of CoCp2 inside
the SWNTs since CoCp2 molecules easily sublimate even under
atmospheric conditions and are rather difficult to detect under
vacuum conditions used for this XPS measurement (,1029 Pa)28.

Interestingly, the peaks that appeared around 780 and 795 eV were
assigned not to Co21, but Co31, due to the electron transfer from the
CoCp2 to the SWNTs. In addition, the shake-up satellites28 observed
at 785.5 eV and 790.3 eV due to Co21 are significantly reduced in
intensity, which indicates a change from neutral CoCp2 to CoCp2

1

via the charge transfer to the nanotubes. Indeed, the comparison of
the C1s photoemission spectra between the SWNTs and CoCp2@
SWNTs (Fig. 2b) revealed a change in symmetry at around
285 eV, and a decrease in the shake-up peaks at around 291 eV
(indicated by the arrow) due to the electronic interaction between
the SWNTs and encapsulated metallocene29. From the elemental
analysis based on the XPS data, it was calculated that the CoCp2@
SWNTs contained 4.76 wt% of cobalt and more than 80% of the
interior spaces were occupied by the CoCp2 assuming that the
molecular c-axis is perpendicular to the tubular axis and the
intermolecular distance between the CoCp2 molecule is 0.793 nm30

as already reported.
In the TGA measurements under flowing air, we recognized an

abrupt drop starting at around 570 K (red line in Fig. 2c) for the
CoCp2@SWNTs, which was much lower than that of the empty
SWNTs (870 K, black line in Fig 2c). This significant difference is
due to the catalytic effect of the Co metal31. The observed break
temperature appeared at ,570 K for the CoCp2@SWNTs was
clearly higher than the weight loss temperature of CoCp2 (450 K,
black dotted line in Fig. 2c) probably due to the electrostatic inter-
action between the SWNTs and CoCp2. Based on the amount (14.5
wt%) of the residual black powder obtained after the TGA measure-
ments that is assignable to Co3O4 from the Raman spectrum32 (see
Supplementary, Fig. S2), the amount of Co was estimated to be 5.9
wt%, which is close to the content (4.76 wt%) obtained by the XPS
analysis.

Fig. 2d shows a comparison of the Raman spectra between the
CoCp2@SWNTs (red line) and SWNTs (black line), for which both
samples had G/D band intensity ratios between the D band at
,1350 cm21 and G band at ,1590 cm21 that were almost identical,
which guarantees that no structural defect was introduced upon
encapsulation of the CoCp2 since the G/D ratios reflect the formation
of defects on the SWNTs. On the other hand, the normalized Raman
spectra in the Radial Breathing Mode (RBM) region (red line in
Fig. 2e) exhibited clear peak shifts and a decrease in the peak intensity
due to the doping to the SWNTs with CoCp2

17.
Furthermore, a comparison of the absorption spectra of the

CoCp2@SWNT and SWNT solution in D2O with sodium dodecyl-
benzenesulfonate revealed that characteristic absorption peaks of
both metallic and semiconducting SWNTs appeared around 600–
800 and 900–1300 nm, respectively, red-shifted by ,30 meV
(Fig. 2f ). The result suggested an n-type doping on the tubes by
CoCp2, which agreed with the previous report26.

Thermoelectric property of CoCp2@SWNT film. One of the
advantages of the SWNTs is the formation of tough, but flexible
film due to the entanglement of the fibrous SWNTs by facile
filtration of the SWNT dispersions. In this study, two types of
freestanding films of the CoCp2@SWNTs (Fig. 3a) and the empty-
SWNTs were fabricated. The SEM image of a CoCp2@SWNT film
(Fig. 3b) shows entanglement of the fibrous SWNTs and the length
and diameter of the CoCp2@SWNT bundles were . 5 mm and 10–
200 nm, respectively. The free-standing CoCp2@SWNT film enabled
to bent to a 3.5 mm-radius over 1,000 times-bending test without any
change in the surface resistance (Fig. 3c), indicating high flexibility
due to the entangled network structures as shown in Fig. 3b. These
films were used to measure the electrical conductivities and Seebeck
coefficients at different temperatures, and the results are shown in
Fig. 3d and 3e, respectively. Of interest, the electrical conductivity
of the CoCp2@SWNT film increased by one order of magnitude
(43,200 S m21 at 320 K) compared to that (4,450 S m21) of the

Figure 1 | Encapsulation of CoCp2 into the SWNTs and the
thermoelectric device composed of the SWNTs and CoCp2-encapsulated
SWNTs. (a,b) Schematic drawing of (a) an encapsulation of CoCp2 into

the SWNTs and of (b) a thermoelectric device composed of empty-SWNT

and CoCp2-encapsulated SWNT developed in this study.
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empty SWNTs. The electrical conductivity of the CoCp2@SWNTs
film is higher than that of the SWNT film, which is explained by
the increased carrier density, leading to an upshift of the Fermi level
due to the charge transfer from the CoCp2 to the nanotubes. From the
XPS result shown in Figure 2a, the CoCp2 was oxidized to CoCp2

1,
indicating the electron transfer from CoCp2 to the tubes, and
resulting in an increase in the carrier density of the nanotubes.
Smalley et al.18 also reported the increase of conductivity of the
nanotubes by chemical doping using potassium and Br2, resulting
in increase of electrical conductivity due to an increase in carrier
density. Furthermore, these values were almost constant in the
temperature range of 310– 420 K. In order to explain the possible
conduction mechanism of the CoCp2@SWNT film, we analyzed the
temperature dependent electrical conductivities based on the variable
range hopping (VRH) models using the following equation (1),

s Tð Þ~s0exp½{ T0=Tð Þ1=(dz1)� ð1Þ

where s(T) and T are the electrical conductivity (S m21) and
absolute temperature (K), respectively, and T0 is a characteristic
temperature used in the VRH model. d has a value of 1–3 (d 5 1:
Efros-Shklovskii (ES)-VRH, d 5 2 or 3: Mott-VRH)33. Although the
temperature-dependent electrical conductivities of the SWNT film
were fitted well with the model similar with the previous study33, for
the CoCp2@SWNT film, the temperature dependent electrical
conductivities were not reproduced in the range of d 51–3 (see
Supplementary, Fig. S3). The results suggested that the conduction
mechanism of the CoCp2@SWNT film differed from the VRH
model. To reveal the conduction mechanism of the CoCp2@

SWNT film, further experiments such as magneto-resistance
measurements are currently undergoing in our laboratory, and the
results will be reported as a subsequent paper.

Most importantly, we found that the observed Seebeck coefficient
of the CoCp2@SWNT film showed a negative value (2 41.8 mV K21

at 320 K), which corresponds to an n-type semiconductor, while that
of the empty SWNT film was positive (45.3 mV K21 at 320 K), which
indicates the p-type nature. The conversion from the p-type semi-
conductor to the n-type semiconductor by encapsulation of CoCp2

inside the nanotubes is derived from the change in charge carrier
from holes to electrons due to the charge transfer from CoCp2 to the
nanotube, as indicated from the XPS data shown in Figure 2a. Kawai
et al.8 reported the relationship between the highest-occupied
molecular orbital (HOMO) of dopants and the sign (i.e. positive/
negative) of the Seebeck coefficient of the doped SWNT films.
They reported that the dopants with HOMO above roughly 5.6 eV
vs. vacuum altered the charge carrier of the carbon nanotubes from
holes to electrons. The ionization energy of CoCp2 (solid state) was
reported to be ,4.0 eV vs. vacuum34. This indicates that it has suf-
ficient electronic potential to reduce the SWNTs, which have an
estimated reduction potential of the used SWNTs is ,4.2 V vs.
vacuum35. This indicates that charge transfer from CoCp2 to the
nanotubes can occur, leading to the n-type semiconducting nature.
Furthermore, based on the DFT calculations for the encapsulation of
CoCp2 inside the SWNTs, Green et al.36 reported that the singly
occupied molecular orbital (SOMO) of CoCp2 is higher than the
conduction band of the (n,0)SWNT (n 5 13–18). Thus, the charge
transfer can proceed from CoCp2 to the SWNTs and the CoCp2@
SWNTs shows n-type semiconducting behaviour. These values

Figure 2 | XPS, TGA, Raman and absorption spectra of the CoCp2@SWNTs. (a,b) XPS narrow scans of (a) Co2p and (b) C1s for the CoCp2@SWNTs

(red line) and SWNTs (black line). Shake-up peak is indicated by the arrow. (c) TGA curves of CoCp2@SWNTs (red solid line), SWNTs (black solid line)

and CoCp2 (black dotted line) under flowing air (200 mL min21). (d,e) Raman spectra of the CoCp2@SWNTs (red line) and empty SWNTs (black line)

at (c) over a wide region and (d) the RBM region. The Raman intensity is normalized by the G band intensity. (f) Absorption spectra of CoCp2@

SWNT (red line) and SWNT (black line) dispersed in D2O using sodium dodecylbenzenesulfonate (SDBS) as a dispersant.

www.nature.com/scientificreports
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allowed us to calculate the power factor (W m21 K22) using the
following equation (2),

Power factor~S2s ð2Þ

where S and s are the Seebeck coefficient (V K21) and electric con-
ductivity (S m21), respectively. The power factor of the CoCp2@
SWNT film (75.4 mW m21 K22 at 320 K) is much larger than that
of the SWNT film due to its higher electrical conductivity than that of
the empty SWNT film (Fig. 3f), and the value was larger than any
other reported n-type SWNT-based materials as shown in Table 1.
Generally, the electrical conductivity and Seebeck coefficient show a
trade-off nature5–7. However, in our CoCp2@SWNT film, the high
electrical conductivity is compatible to a large Seebeck coefficient
compared with the other n-type SWNT films (Table 1). We assumed
that the doping of CoCp2 inside the SWNTs increased the charge
carrier density and also modulated the electronic density of state of
the SWNTs as well, as supported by our Raman and absorption
results (Fig. 2e and Fig. 2f) as well as suggested by a previous experi-
mental report26 and theoretical studies30,37–39. Such a modulation
provides a remarkably large power factor for the CoCp2@SWNTs.
On the other hand, the film prepared from the simple mixture of
the SWNTs and CoCp2 (CoCp2/SWNT film) provided a positive
Seebeck coefficient comparable with that of the SWNT film (for
details, see Methods and Supplementary, Table S1) due to the
removal of CoCp2 from the film during the filtration. Such obtained
results indicated a higher doping stability of the encapsulated CoCp2

in the SWNTs than that of the CoCp2/SWNT film.

To evaluate the thermoelectric figure of merit (ZT) of the SWNT
film and CoCp2@SWNT film, we determined the thermal conduc-
tivity (k) using the following equation (3),

k~Cpar ð3Þ

where Cp, a, and r are the specific heat capacity, thermal diffusivity,
and density, respectively, and these numerical values are listed in
Table S2. Interestingly, both films were found to possess much lower
k values (0.12 and 0.15 W m21 K21 for the SWNT film and CoCp2@
SWNT film, respectively) than the reported value of an individual
SWNT (3500 W m21 K21)40. Instead, the obtained value was com-
parable to the reported random network SWNT films (0.1–0.2 W
m21 K21)8,41. Such a low thermal conductivity would be derived from
the huge interfacial thermal resistance (phonon-phonon Umklapp
scattering)42 and their low density of the films (0.6–0.8 g cm23, see
Fig. 3b). Based on the result, we determined the ZT values using the
following equation (4),

ZT~S2sT=k ð4Þ

where S, s, and T are the Seebeck coefficient (V K21), electric con-
ductivity (S m21), and absolute temperature (K), respectively. The ZT
value of the CoCp2@SWNT film (0.157 at 320 K) was much higher
than that of the SWNT film (0.025) due to its higher electrical con-
ductivity than that of the SWNT film (Fig. 3e). Notably, the value was
almost two times higher than that of the reported n-type CNT-based
materials and the highest among the reported n-type organic ther-
moelectric materials (see Supplementary, Table S3)7.

Figure 3 | Micrographs, mechanical, electrical and thermoelectric properties of the CoCp2@SWNT film. (a) Photograph and (b) SEM image of a

CoCp2@SWNT film. Scale bar in Figure 3b, 1.0 mm. (c) Plots of normalized sheet resistance of CoCp2@SWNT films as a function of bending cycles.

Bending radius 5 3.5 mm, Ro 5 initial resistivity, R 5 resistivity after given bending cycles. (d–f) Temperature dependence of (d) electrical conductivity,

(e) Seebeck coefficient and (f) power factor of the CoCp2@SWNT film (red squares) and empty SWNT film (black circles).

www.nature.com/scientificreports
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The SWNT film doped with cobaltocene as an n-type dopant is a
very promising candidate for the next-generation thermoelectric
materials due to its high electrical conductivity and the low thermal
conductivity.

Thermoelectric device consisted of CoCp2@SWNT and empty
SWNT film. We then fabricated a typical p-shaped thermoelectric
device5–7 that is composed of films of the CoCp2@SWNTs and empty-
SWNTs as the n-type and p-type semiconducting materials,
respectively, in which the two films are electrically connected by a
thin Ni plate (Fig. 4a and 4b). It is important to note that the films
have no protective coating, typically provided for such devices8,43. In
Fig. 4c, the voltage generated upon heating of one ends of the films is
plotted as the function of a temperature gradient between the two
ends of the films. The thermoelectric power of the device was found
to linearly increase with the temperature increasing gradient and
reached 0.67 mV at a temperature gradient of 10 K, which well
agrees with the calculated value (0.70 mV) based on the Seebeck
coefficients of the two films (CoCp2@SWNTs: ,-40 mV K21,
SWNTs: ,30 mV K21). The deviation obtained from the estimated
values (black dotted line in Fig.4c) for a greater temperature gradient
would be derived from thermally-excited electrons and the contact
resistance. We recognized the good reversibility by decreasing the

temperature gradient (DT 5 9 K was applied after applying DT 5

20 K in Fig. 4c). The obtained reversibility strongly indicates that the
deviation is caused by neither the absorption of molecules, such as
water nor the oxidation by air since the water adsorption or oxidation
was difficult to occur at such a low temperature. C. Yu et al. reported
SWNTs doped with PEI underwent a severe deterioration of their
doping effect in air, and, in such a device, the film needed to be
laminated by a polyester to prevent the O2 reduction for a stable
thermoelectric power generation44. In sharp contrast, our device
exhibited a stable power generation close to the calculated value with
a good reversibility without any lamination due to the air stability of
the encapsulated SWNTs17. In addition to such air stability, flexibility,
toughness, thermal stability and light-weight of the device based on the
carbon nanotube are quite attractive for a wide range of applications.

Since the power factor of the SWNT film was relatively low
(9.1 mW m21 K21 at 320 K) compared to the absolute value of the
CoCp2@SWNT film (75.4 mW m21 K21 at 320 K) due to its lower
electric conductivity, the development of the SWNT film with a
higher electric conductivity by doping with a p-dopant, such as tetra-
cyano-p-quinodimethane, is expected to enhance the performance of
the device. In addition, the TGA curves of the CoCp2@SWNTs mea-
sured under flowing nitrogen show a high thermal stability up to
700 K (see Supplementary, Fig. S4).

Table 1 | Electrical conductivity, Seebeck coefficient and power factor of the SWNT composites prepared in this study as well as the data
taken from previous studies

Sample (film state)

Electrical conductivity

[S m21]

Seebeck coefficient

[mV K21]

Power factor

[mW m21 K22] Year [Reference]

CoCp2@SWNTs 43,000 240.4 70.7 This study
SWNT/PEIa/PVDFb - 246 - 201424

SWNT/dpppc 12,400 252 25 20138

SWNT/PEI/PVAd - 232 0.01 201344

SWNT/PEI/NaBH4
e 6,000 280 - 201243

SWNT/PVPf - 230 - 201246

SWNT/PEI - 240 - 201246

SWNT/PVDF - 25 - 201247

aPEI represents polyethyleneimine.
bPDVF represents polyvinylidene difluoride.
cdppp represents 1,3-bis(diphynyl phosphino)propane.
dPVA represents polyvinyl alcohol.
eNaBH4 represents sodium borohydride.
fPVP represents polyvinylpyrroridone.

Figure 4 | The thermoelectric device based on the CoCp2@SWNT and SWNT film. (a) Schematic illustration of the set-up for measuring the

thermoelectric power generation. (b) Photograph of a thermoelectric device consisted of CoCp2@SWNT film and SWNTs film as an n-type and p-type

thermoelectric materials, respectively. (c) Measured (red circle) and calculated (black square) voltages generated from the thermoelectric device based on

the CoCp2@SWNTs and SWNTs as a function of the temperature gradient.
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Conclusions
In conclusion, we synthesized cobaltocene-encapsulated SWNTs
(CoCp2@SWNTs) and found that the material showed a high elec-
trical conductivity (43,200 S m21) as well as a negative Seebeck coef-
ficient (241.8 mV K21) at 320 K. Due to their high electrical
conductivity, the power factor of the material was much larger
(75.4 mW m21 K22) than that of the films of empty-SWNTs
(9.1 mW m21 K22) at 320 K. The ZT value of the CoCp2@SWNT
film (0.157 at 320 K) was the highest among the reported n-type
organic thermoelectric materials due to its high electrical conduc-
tivity and low thermal conductivity (0.15 W m21 K21). The SWNT
film doped with cobaltocene as an n-type dopant is a promising
candidate for the next-generation thermoelectric materials due to
the high electrical conductivity and low thermal conductivity. We
demonstrated that the developed flexible thermoelectric device that
consisted of a CoCp2@SWNT film and empty SWNT film as the n-
and p-doped semiconducting materials, respectively, generated vol-
tages close to a calculated value with an excellent reversibility without
any air-protective coating due to the characteristic air stability by the
encapsulation. The device is quite attractive to collect a large amount
of waste heat for electricity because the SWNT-based device is quite
tough, flexible, and has a high thermal stability.

Methods
Materials. The SWNTs (Meijo-SO) with a ,1.4 nm diameter were purchased from
Meijo Nanocarbon Co., Ltd., and purified according to a previous method45. Acetone,
deuterium oxide (D2O, 99.9%), ethanol, hydrochloric acid (12 M), hydrogen
peroxide, N-methylpyrrolidone (NMP), sodium dodecylbenzenesulfonate (SDBS)
and toluene were purchased from Wako Pure Chemical Industries, Ltd., and used as
received. CoCp2 was purchased from Aldrich and used as received.

Fabrication of a CoCp2@SWNT film. CoCp2 was encapsulated in the SWNTs in a
manner similar to that previously reported using HiPco SWNTs26. The CoCp2@
SWNTs (15 mg) were dispersed in NMP (150 mL) using a bath-type sonicator
(Branson 5010) for 1 h, then the dispersion was filtered through a 200-nm PTFE
membrane. The obtained filter cake was washed with NMP and methanol, followed
by drying at 353 K for 12 h under vacuum.

Fabrication of CoCp2/SWNT film for comparison. SWNTs (15 mg) was dispersed
in NMP (150 mL) containing CoCp2 (5 mg) by a bath-type sonicator (Brinson 5010)
for 1 h, then filtered with a 200-nm PTFE membrane filter. The obtained filter cake
was wash with NMP and methanol, then dried at 353 K for 12 h under vacuum.

Preparation of CoCp2@SWNT solution. The CoCp2@SWNTs (1 mg) in a 1wt%
SDBS solution in D2O (10 mL) was sonicated for 1 h, and then ultra-centrifuged at
150,000 g for 3 h at 298 K. The top-80% of the supernatant was collected and used for
this study. SWNT solution was prepared in the similar manner.

Fabrication of thermoelectric device. Each film of CoCp2@SWNTs and empty-
SWNTs was cut by ,15 3 4 mm, which were electrically connected to a Ni thin film
(50 mm, Nilaco Co., Ltd.) using an Ag past (D-550, Fujikura Kasei Co., Ltd.).

Measurements. Raman spectroscopy was carried out using a Raman RXN Systems
(Kaiser, excitation, 785 nm) at room temperature. X-ray photoelectron spectroscopy
(XPS) was measured at room temperature using an AXIS-ULTRA (Shimadzu), in
which indium was used as the substrate. Vis-NIR absorption spectrum was measured
using a spectrophotometer (V-670, JASCO). Ultracentrifugation was carried out
using a centrifugator (CS100GXL, Hitachi Koki). The thermogravimetric analysis
(TGA) was carried out using an EXSTAR TG/DTA 6300 (SII Nanotechnology) at the
heating rate of 10 K min21 under flowing air or nitrogen (200 mL min21). Scanning
electron microscopy (SEM) and scanning transmission electron microscope (STEM)
measurements were carried out using an SU-9000 (Hitachi High Technologies, 30 kV
acceleration voltage). CoCp2@SWNTs (0.1 mg) were dispersed in methanol (3.0 mL)
using a sonicator (Branson 5010). The resulting dispersion was then cast on an STEM
Cu grid, then dried under vacuum at 353 K for 12 h. Bending durability test (Bending
radius 5 3.5 mm) was carried out by measuring the surface resistance of the film after
bending cycles using a standard four-point probe resistivity meter (Loresta GP,
Mitsubishi Chemical Analytech Co., Ltd.). The electrical conductivity and Seebeck
coefficient of the samples on PTFE membrane filters were evaluated using a ZEM-3M
(Ulvac-Riko) under helium at a reduced pressure (,0.01 MPa) to suppress the effect
of gas convection and air oxidation during the measurement after annealing. The
typical sample dimensions were 15, 4, and 0.02–0.03 mm for the length, width, and
thickness, respectively. The voltage generated from the thermoelectric device was
recorded using a digital multitester. Differential scanning calorimetry (DSC) was
carried out using an EXSTAR DSC 6200 (SII Nanotechnology) at the heating rate of
10 K min21 under flowing nitrogen (100 mL min21). Specific heat capacity (Cp)

calibration was performed using a certified sapphire crystal (Al2O3). The thermal
diffusivity was evaluated using a mobile-1 (ai-Phase Co., Ltd.). The density was
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